ABSTRACT. The development of diabetic peripheral neuropathy (DPN) is always followed by changes in vascular endothelial cells that are related to the reactivity of the homocysteine (Hcy) sulfhydryl group. In this meta-analysis, we investigated the association of Hcy with the pathogenesis and progression of DPN. We screened the Embase, Ovid, PubMed, Web of Science, Wangfang, and China National Knowledge Infrastructure databases. All analyses were performed by using the STATA software, version 12.0 (StataCorp, College Station, TX, USA) and the Comprehensive Meta-analysis 2.0 software (Biostatic Inc., Englewood, NJ, USA). The standardized mean difference (SMD) and 95% confidence interval (95%CI) were further calculated. The electronic literature search identified six articles that included 603 patients with DPN and 687 healthy controls. The pooled SMD of those six studies revealed that increased serum levels of Hcy may be correlated with DPN (SMD = 1.23, 95%CI: 1.09-1.36, P < 0.001). Subgroup analysis 15365-15375 (2015) according to ethnicity indicated that high serum Hcy levels might be an important risk factor for DPN in both Asian and Caucasian populations (Asians: SMD = 0.62, 95%CI: 0.45-0.79, P < 0.001; Caucasians: SMD = 2.32, 95%CI: 2.10-2.55, P < 0.001; respectively). Elevated serum levels of Hcy indicate the risk of development of DPN in patients, suggesting that Hcy levels could be used as a marker for new therapeutic approaches to DPN.
INTRODUCTION
Diabetic peripheral neuropathy (DPN) is a disease whose symptoms are related to dysfunction of peripheral nerves, such as demyelination, axonal atrophy, blunted regenerative potential, and loss of peripheral nerve fibers, that occur specifically in patients with diabetes (Farmer et al., 2012) . The number of diabetic patients worldwide is expected to increase from 171 million in 2000 to at least 366 million by 2030, on the basis of the World Health Organization's statistics (Erbas et al., 2011) . Furthermore, considering the specific morbidity and mortality of DPN in diabetic patients, in the United Kingdom, the estimated prevalence of painful DPN was 26.4% among diabetic patients who, in turn, comprise 4.5% of the entire population (Erbas et al., 2011) . In Korea, the prevalence of DPN has been documented to have increased from 14.1 to 54.5% in the last five decades, based on the study population and diagnostic criteria . It was estimated that DPN was diagnosed in three million people in the United States in 2010 (Wolff et al., 2010) . The burden of DPN is considerable for both patients and the society; that is, despite polypharmacy and high use of resources, the discomfort of patients persists and may be a risk factor for foot ulceration, which finally causes lower-extremity amputation and can lead to limitations in daily activities (Tesfaye et al., 2011; Kim et al., 2014) . It was estimated that the excess health-care costs in painful DPN ranged from <$1000 to >$8000 due to the different personal conditions of patients (Dworkin et al., 2011) . The pathogenesis of DPN is widely accepted to be poorly understood and seems to be multifactorial with suggested etiologies such as microvascular abnormalities, nitric oxide (NO) deficiency, acute or chronic hyperglycemia, nerve compression, and environmental and genetic factors (Pieber et al., 2010) . Until recently, many experts related the pathogenesis of DPN to metabolic processes (Tesfaye and Selvarajah, 2012) . DPN was reported to result from various biochemical perturbations, including oxidative stress, polyol pathway activation, increase in advanced glycation end products and the activation of their receptors, hypoxia, ischemia, and elevated cytokines (Chan et al., 2011; Singh et al., 2014) . Several studies have reported the relation between DPN and plasma homocysteine (Hcy) because of the underlying changes in vascular endothelial cells due to the reactivity of the sulfhydryl group of Hcy (Ambrosch et al., 2001; Jianbo et al., 2011; El Boghdady and Badr, 2012; Gonzalez et al., 2012) .
Hcy, which is secreted through the metabolism of methionine, is a sulfhydryl amino acid dependent on folic acid, pyridoxine, and vitamin B 12 ; because of this strong association, Hcy is often considered a sensitive marker of these vitamins (Tassino et al., 2009) . Furthermore, serum Hcy is susceptible to a wide range of other factors such as diet, drug use, lifestyle, and certain genetic abnormalities (Jianbo et al., 2011) . In clinical practice, Hcy has been suggested to be a predictive factor of cognitive dysfunctions, dementia, neurodegenerative pathologies, and neurovascular alterations such as in Parkinson's and Alzheimer's disease (Tassino et al., 2009 ). In addition, some studies have also demonstrated that the reactivity of the plasma Hcy levels may be implicated in a series of diabetic complications such as foot ulceration, cerebrovascular disease, coronary artery disease, stroke, thrombosis, and atherosclerosis (Tassino et al., 2009; Vinukonda et al., 2009; Gonzalez et al., 2010; Gazzaruso et al., 2012) . Moreover, recent studies have revealed that there is a significant association between plasma Hcy concentrations and the occurrence and grade of DPN (Gonzalez et al., 2012) . Elevated plasma Hcy values, which could subsequently potentially affect the mechanisms of vascular endothelial cells, could contribute to the presence of DPN because of the resultant circulation impairment, nerve damage, and nutrient deficit; the risk of DPN in patients with high Hcy is twice greater than in those with low Hcy values (Wile and Toth, 2010; Gonzalez et al., 2012) . Furthermore, several studies have suggested that increasing serum levels of Hcy worsen the degree of DPN: the higher the plasma Hcy concentration, the higher the grade of DPN (Jianbo et al., 2011) . Therefore, we could hypothesize that serum Hcy levels may play a pivotal role in the prediction and even diagnosis of DPN (Wile and Toth, 2010) . Multiple previous studies have shown that elevated serum levels of Hcy have a close association with DPN, and Hcy could be used as a sensitive and effective predictor of DPN; however, other studies have presented inconsistent results (Wile and Toth, 2010; Gonzalez et al., 2012) . Therefore, we conducted this metaanalysis to further evaluate the role of plasma Hcy concentration as a biomarker for predicting DPN, while investigating its potential role in the pathogenesis, diagnosis, and treatment of the disease to improve its management and prevent further complications.
MATERIAL AND METHODS

Search strategy
Related studies were searched from Embase, Ovid, PubMed, Web of Science, Wangfang, and China National Knowledge Infrastructure databases. All published articles assessing the correlations between Hcy serum levels and DPN from the oldest publication data up to April 30, 2014 were extracted by using the search terms "Homocysteine" or "Homocysteine" or "2-amino-4-mercaptobutyric acid" or "Hcy" or "Homocysteine," and "Diabetic Neuropathies" or "Diabetic Neuropathies" or "Diabetic peripheral neuropathy" or "DPN" or "painful diabetic peripheral neuropathy" or "PDPN." The search was not language restricted. Manual search was also done to find additional potentially relevant articles.
Selection criteria
All case-control studies about the association of Hcy serum levels with DPN as a main outcome were primarily considered. In the trials, the presence and severity of DPN in patients were confirmed according to the standard Neuropathy Symptom Score and Neuropathy Disability Score criteria (Inanir et al., 2013) . Moreover, factors associated with Hcy serum levels were also included in the initial review of articles. Studies that have no data about the number of DPN cases or have insufficient information about the serum Hcy levels were excluded. Extracted trials with a minimum number of included cases of >15 were included in the analysis. However, extracted studies that were duplicates or had incomplete data were excluded. If multiple studies involved the same population, only the most recent or complete study was included after a careful reexamination.
Data extraction
Two investigators extracted information by using a predetermined form supplemented with inclusion and exclusion criteria independently, and the following data were abstracted from each study: first author, publication time, age and gender, ethnicity and country, source of publication, study type, source of controls, sample size, study design, detection method of Hcy serum levels, and Hcy expression levels. Any disagreements in our meta-analysis were solved by consensus. All authors approved the final enrollment of the studies.
Statistical analysis
For the purpose of supplying quantitative evidence of all included trials and to minimize the variance of the summary, we carried out this meta-analysis by applying a fixedeffect or a random-effect model. The random-effect model was used when heterogeneity exists among studies, whereas the fixed-effect model was used when there was no statistical heterogeneity. The summary standardized mean difference (SMD) and 95% confidence interval (95%CI) were calculated for the case vs control category of Hcy serum levels by using the Ztest. Heterogeneity was evaluated by using Cochran's Q-statistic (Jackson et al., 2012) . When the statistical power of Cochran's Q-statistic was low, the I 2 test was also applied to assess the heterogeneity across studies (Peters et al., 2006) . A subgroup meta-analysis based on ethnicity, sample size, and detection method was applied to investigate the potential sources of heterogeneity among the enrolled trials. To measure the impact of a single study on the overall results, a one-way sensitivity analysis was done to ensure that no one study was completely responsible for the overall results. Furthermore, funnel plot, classic fail-safe N, and the Egger tests were applied to detect any publication bias, to further confirm the original result (Egger et al., 1997; Wikstrom et al., 2009 ). All tests were two-sided, and P values <0.05 were considered to be statistically significant. Two investigators separately performed the statistical analysis by using the STATA 12.0 software (StataCorp, College Station, TX, USA) and the Comprehensive Meta-analysis 2.0 software (Biostatic Inc., Englewood, NJ, USA), and reached an agreement eventually.
RESULTS
Characteristics of studies included
The electronic literature search supplemented with a manual search identified a sum of 106 relevant articles. After excluding 4 duplicates; 9 letters, reviews, or meta-analysis; 15 nonhuman studies; and 21 studies not related to the research topics, 57 full-text articles remained. After further selecting and assessing the remaining articles, 7 studies were excluded for not being a case-control study, 16 for being irrelevant to Hcy, 25 for being irrelevant to DPN, and 3 studies were removed for having incomplete or weakly correlated data. A total of six papers that included 603 patients with DPN and 687 healthy controls were finally selected on the basis of our inclusion criteria (Ambrosch et al., 2001; Cohen et al., 2001; Abdella et al., 2002; Li et al., 2011a; El Boghdady and Badr, 2012; Gonzalez et al., 2012) . The publication years were between 2001 and 2012. All trials had a case-control study design relating to the association between Hcy serum levels and DPN in Asian (three trials) and Caucasian (three trials) populations. The detection methods included immunoassay (Advia Centaur HCY2 assay, enzyme-linked immunosorbent assay, fluorescence polarization immunoassay, and chemiluminescent magnetic immunoassay) and chromatography (gas chromatography/mass spectrometry and high-performance liquid chromatography). None of the studies deviated from the Hardy-Weinberg equilibrium (all P > 0.05). Table 1 shows the baseline characteristics and quality of all the selected trials.
Serum levels of Hcy in DPN
Six studies referred to the Hcy serum levels in DPN. The main findings of the correlation of the levels of Hcy and DPN are presented in Figure 1 . The random-effects model was used to test the heterogeneity (P < 0.001). The meta-analysis results suggested a positive association between serum levels of Hcy and DPN (SMD = 1.23, 95%CI: 1.09-1.36, P < 0.001). The subgroup analysis according to ethnicity showed that high serum levels of Hcy might be the main risk factor for DPN in both Asians and Caucasians (all P < 0.05) (Figure 2) . A further subgroup analysis based on sample size showed obviously positive associations between the levels of Hcy and DPN in both small and large subgroups (all P < 0.05). In addition, Figure 2 shows that the Hcy serum levels were significantly related to DPN on the basis of immunoassay and chromatography methods (all P < 0.05).
Sensitivity analysis and publication bias
Sensitivity analysis was carried out to assess the stability of this meta-analysis when selected studies were individually deleted to reflect the significance of the overall effect size (SMDs). As shown in Figure 3 , no single publication was completely responsible for the overall results. The symmetrical funnel plot in Figure 4 shows that no publication bias existed in our meta-analysis, which was further confirmed by the classic fail-safe N and Egger's tests.
DISCUSSION
Our aim was to investigate the correlation of serum Hcy levels with the prevalence and grade of DPN. In this meta-analysis, we observed that plasma total Hcy levels significantly increased in DPN patients, suggesting that plasma Hcy level can be considered a risk factor for the development and grade of DPN. However, the exact mechanism by which plasma Hcy level leads to the development and progression of DPN is still largely unknown. As one of the most common chronic complications of diabetes, the pathogenesis of DPN is closely related to metabolic disturbance, vascular endothelial dysfunction, neurotrophic disturbances, oxidative stress, and autoimmune factors (Tesfaye and Selvarajah, 2012) . Hcy is well known to be (Huang et al., 2013) . Meanwhile, abnormally high serum levels of Hcy was reported to be a significant risk factor for the progression of multiple diseases, including fractures, thrombosis, and neuropsychiatric illness (Leboff et al., 2009; Dionisio et al., 2010) . More specifically, increased plasma Hcy levels have been recognized to be correlated with many complications, including endothelial dysfunction, inflammation, insulin resistance, prothrombotic state, macroangiopathy, and nephropathy, in patients with diabetes (Ndrepepa et al., 2008) . Furthermore, elevated Hcy serum concentrations can induce oxidative stress, which has a cytotoxic effect; causes oxidative damage in endothelial cells; and can inhibit the production of NO, which results in arteriosclerosis and thrombosis (Tyagi et al., 2005) . Elevated Hcy serum concentration and decreased NO level can cause functional damage to vascular smooth muscle and reduce the blood flow in the endothelium, which is considered to be related to neurotrophic disturbances, nerve fiber pathology, and nerve fiber loss (El Boghdady and Badr, 2012) . In addition, it has been indicated that high serum Hcy levels increase the risk of endothelial injury, disorders of glucose and lipid metabolism, and neural lesions, which might play an important role in the development and progression of DPN (Gonzalez et al., 2012) . In this regard, increased Hcy serum levels can lead to the occurrence and development of DPN in patients with diabetes. Li et al. (2011b) demonstrated that plasma Hcy levels were significantly higher in diabetic neuropathy patients than in those without diabetic neuropathy, implying that increased plasma Hcy level was an independent factor for the increase in the risk of DPN. We also carried out a subgroup analysis based on ethnicity to evaluate the correlation between the serum Hcy level and the development of DPN. The results of the stratified analysis showed that increased serum level of Hcy has a significant correlation with the development of DPN in both Caucasians and Asians. Altogether, our findings were consistent with previous studies demonstrating that the serum Hcy level was increased in the diabetes patients with DPN, showing that serum levels of Hcy may be strongly linked with the development and progression of DPN and can be used as a potential biomarker for DPN development.
In this meta-analysis, the inclusion of unpublished studies on Hcy and DPN may strengthen the credibility of our results. Moreover, another advantage may be that all studies included have an acceptable quality (a score of at least 7). In addition, no publication bias was discovered when applying the Egger test, suggesting that the statistical data extracted from those enrolled trials may approximate the actual results. However, it should be noted that there were several limitations in the present analysis. First, as this analysis was based on literature reports with predominantly positive results, our results about the relation between Hcy and DPN might be overestimated. The second limitation may be the presence of unignorable biases. Nevertheless, as mentioned above, no publication bias was detected in Egger's test, and we did not consider unpublished articles and abstracts entirely because the required data for inclusion were unavailable. Third, although comprehensive data were extracted for statistical analysis, the studies selected for this meta-analysis included multiple ethnic populations, and the country, age, gender, and lifestyle were all variable. All of the above information we used could have resulted in an inconsistent outcome. Fourth, only studies written in Chinese or English were enrolled in the meta-analysis although we did not apply a language restriction in the inclusion criteria.
In conclusion, our results showed that elevated serum Hcy levels may be closely correlated with the risk of DPN development and progression, in both Asians and Caucasians. The data suggested that the development of strategies against Hcy could lead to a reasonable therapeutic treatment program for DPN. To confirm our findings, more studies on non-Asian and non-Caucasian populations with a more appropriate multivariate analysis are necessary.
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